ABSTRACT Phragmites australis (Cavanilles) Trinius ex Steudel (Arundineae: Poaceae) is an invasive plant in freshwater and brackish North American wetlands. Inability to control this grass with chemical, mechanical, or physical means resulted in initiation of a biological weed control program. As part of investigations of potential biocontrol agents attacking P. australis in Europe, we compared distribution, life history, and host plant use of four sympatric stem-boring noctuid moths in the Þeld and in common gardens. Archanara geminipuncta (Haworth) is the most widespread and abundant species followed by Archanara dissoluta (Treitschke), Archanara neurica (Hü bner), and Arenostola phragmitidis (Hü bner). The two early species, Aren. phragmitidis and Arch. neurica, hatch from overwintering eggs Ϸ2 wk before the later species, and shorter larval development causes adults of early species to emerge 2Ð 4 wk before Arch. geminipuncta and Arch. dissoluta. Early Aren. phragmitidis and Arch. geminipuncta instars are facultatively gregarious, whereas Arch. dissoluta and Arch. neurica always occur as single individuals. Depending on the species, two to four shoot changes are necessary to complete development. All species pupate in P. australis shoots, except for Aren. phragmitidis, which pupates on the ground. Although we found subtle differences in life history and phenology, current data are unable to explain large differences in Þeld abundance of the four noctuid moths. Based on impact, Þeld abundance, and distribution in the native range, Arch. geminipuncta seems the most promising potential biocontrol agent.
ius ex Steudel, is one of the most invasive plant species in freshwater and brackish North American wetlands, particularly along the Atlantic Coast (Meyerson et al. 2000) . This cosmopolitan clonal grass can form large monospeciÞc stands, and the changes in biodiversity and ecosystem processes associated with rapidly expanding populations are generally considered detrimental (Marks et al. 1994 , Benoit and Askins 1999 , Meyerson et al. 2000 . Consequently, there is strong interest in controlling P. australis in heavily infested regions and a biological weed control program was initiated in 1998 (Tewksbury et al. 2002) .
Implementation of a future biological control program targeting P. australis in North America has to take into account the recently conÞrmed existence of native endemic North American genotypes of P. australis (Saltonstall 2002 (Saltonstall , 2003 Blossey 2003a,b) . The endemic North American genotypes have been elevated to subspecies status as Phragmites australis americanus Saltonstall, P.M. Peterson & Soreng, and they are reproductively isolated from the introduced invasive genotype (Saltonstall et al. 2004 ). Endemic and introduced genotypes are morphologically distinct, and we have evidence for differences in their resistance to herbivores, even when they grow side by side (Blossey 2003a) . These data from North America provide some evidence that genotype-speciÞc biological control of P. australis may be possible, and several potential control agents are currently under investigation (Tewksbury et al. 2002) .
In Europe, where the invasive haplotype M most likely originated (Saltonstall 2002) , P. australis is attacked by Ͼ150 herbivore species (Tewksbury et al. 2002) . Based on their feeding niche, damage inßicted, and reported host speciÞcity, nine insect species were selected as potential biological control agents Häßiger 2000, Tewksbury et al. 2002) . Among them are three stem-boring moths in the genus Archanara Walker (Lepidoptera: Noctuidae): Archanara geminipuncta (Haworth), Archanara dissoluta (Treitschke), and Archanara neurica (Hü bner) . A fourth noctuid species, Arenostola phragmitidis (Hü bner), is very closely related to the Archanara species and shares a similar life history and feeding niche in the P. australis stem Häßiger 2000, Tewksbury et al. 2002) . A. geminipuncta is a widespread and well-known reed herbivore, but little is known about the biology and impact of the other Archanara species or Aren. phragmitidis. The whitish ßesh-colored larvae of the Archanara species are difÞcult to distinguish, and based on adult records, Arch. neurica and Arch. dissoluta, although widespread in Europe, seem less abundant than Arch. geminipuncta (Grabo 1991) .
As part of our evaluations of different potential biological control agents in Europe, we gathered information on life history and ecology of these noctuid moths. Any future selection of biological control agents should avoid introduction of competing species if their interactions could reduce the overall effectiveness of a control program (McEvoy and Coombs 2000) . However, selection of species that complement or increase each otherÕs impact may improve the odds for successful suppression of the target invasive plant species (Malecki et al. 1993 , Denoth et al. 2002 . We used a combination of Þeld surveys in central Europe and common garden experiments in Switzerland to study distribution, oviposition, larval development, and the phenology of these four sympatric noctuids.
Materials and Methods
Experimental Organisms. The clonal cosmopolitan P. australis is able to survive in a wide range of habitats from dry upland conditions to areas where rhizomes are permanently ßooded. Annual shoots emerge in early spring from an extensive rhizome system and woody, canelike stems can grow up to 6 m in height with shoot densities occasionally exceeding 200 stems per m 2 (Haslam 1972) . Plants ßower in late summer, and the species is wind-pollinated but self-incompatible (Tucker 1990) . Seed production in late fall and winter may be important for colonization of new habitats, but the majority of the spread occurs through transport of rhizome fragments by natural or anthropogenic means. Annual aboveground shoots decay slowly over several years, resulting in signiÞcant standing dead biomass in older clones.
A. geminipuncta, the univoltine known locally as twin-spotted wainscot (a non-ESA-approved common name), is the most commonly encountered noctuid stem borer on P. australis in Europe. Forewings are light reddish brown to dark brownish fuscous, with a small white dot in each half of the reniform stigma. The underside of fore-and hindwings has a dark spot. Adults (wingspan 28 Ð37 mm) ßy in July and August. Soon after emergence, females mate and begin to lay eggs in individual rows under leaf sheaths (Skuhravy 1981 , Bretherton et al. 1983 , Ostendorp 1993 . Although there has been speculation that larvae hatch in the fall, it is now clear that eggs overwinter under leaf sheaths (Skuhravy 1981 , Mook and van der Toorn 1985 , Galichet et al. 1992 , Michel and Tscharntke 1993 . Hatching Þrst instars start feeding in the soft, nutrient-rich tissues above the growing point in April, soon after shoots begin to grow (Tscharntke 1990) . As larvae grow, they quickly exhaust food resources of individual shoots, and larvae change shoots three to four times during their development (Michel and Tscharntke 1993) . Mature larvae locate an undamaged internode with a minimum diameter of 5 mm for pupation (Mook 1971) . Larvae prepare an oval emergence window in lower portions of internodes but leave the epidermis intact (Tscharntke 1990 ). Pupation occurs head up, and the emerging adult pushes its way out onto the stem where it hardens and wings unfold.
Attacked stems (but not those where only pupation occurs) show characteristic signs of damage that differ depending on larval development stage. Stems attacked by early instars wilt and die completely; stems attacked by later instars wilt, loose stem tips, and might develop one to four side shoots. Reports on the impact of Arch. geminipuncta on P. australis performance differ, but up to 90% of stems can be attacked with shoot heights and aboveground biomass reduced by 50 Ð 60 and 20 Ð 60%, respectively (Tscharntke 1990 (Tscharntke , 1999 . Large population ßuctuations with outbreak cycles of 3 to 4 yr have been reported previously (Michel and Tscharntke 1993) . The development of thinner stems in response to Arch. geminipuncta attack in the same or subsequent growing season has been interpreted as a response to herbivory that may contribute to population crashes because larvae are unable to complete development in thin shoots (Mook and van der Toorn 1982, 1985) . Alternatively, intraspeciÞc competition at high densities may exhaust all available plant resources before larvae can complete their development (Tscharntke 1990 ). Particularly after population outbreaks, larvae suffer high mortality, supposedly through competition for suitable shoots, extended foraging times, and exposure to predators (Michel and Tscharntke 1993) . In a study in southern Germany, a scelionid wasp accounted for 28%, and predatory mites for 15% egg mortality; larval mortality of Arch. geminipuncta and Arch. dissoluta was 74%. One-third of this mortality was caused by the ichneumonids Fredegunda diluta (Ratzeburg), Endromopoda phragmitidis (Perkins & Wilson), Diadegma balticum Horstmann, the tachinid Lydella thompsoni Herting, and disease (Michel and Tscharntke 1993) . Pupal mortality in the same study was 76%, mainly caused by the ichneumonids Limerodops unilineatus (Gravenhorst), Chasmias paludator (Desvignes), and disease (Michel and Tscharntke 1993) , whereas in southern France larval parasitism rates by L. thompsoni were 43% (Galichet and Radisson 1976) .
Arch. dissoluta, the univoltine known locally as brown-veined wainscot (a non-ESA-approved common name), is the second most commonly mentioned Archanara species in Europe. A blackish typical form is rarer than the whitish ochreous or reddish ochreous Arch. dissoluta variety arundineta (Bretherton et al. 1983) . Forewings have an indistinct median longitudinal stripe through the stigmatal region, and the lower half of the dark brown reniform stigma is narrowly outlined in white. Adult Arch. dissoluta (wingspan 27Ð33 mm) ßy in July and August (Bretherton et al. 1983) , and females lay eggs in two to three rows under leaf sheaths (Michel and Tscharntke 1993) . Larvae need to change shoots to complete development. Pupation occurs head downward in stems, very close to the ground (Bretherton et al. 1983) .
Arch. neurica, locally known as the white-mantled wainscot (a non-ESA-approved common name), is also univoltine, and is the least common of the three known Archanara species feeding on P. australis in Europe. Forewings are very similar to those of Arch. dissoluta, but in contrast to the other two Archanara species, there is no black spot on the wing underside. The thorax has a whitish edge to the patagia. Adults (wingspan 26 Ð29 mm) ßy in July. Larvae need to change shoots to complete development and seem to select thinner stems growing in drier situations. The golden brown pupae are found in stems head downward (Bretherton et al. 1983) .
Arenostola phragmitidis, the univoltine known locally as fen wainscot (a non-ESA-approved common name), seems to have a more northern and eastern distribution in Europe compared with the Archanara species (Bretherton et al. 1983) . Although Aren. phragmitidis is locally common in England and widespread in marshes in the Netherlands and in Denmark, little is known about abundance, impact, larval development, and mortality factors. The creamy ochreous adults (wingspan 32Ð36 mm) ßy in July and August (Bretherton et al. 1983) . As with the Archanara species, larvae need to change shoots to complete development and their black-banded coloration distinguishes them from Archanara larvae. In contrast to the Archanara larvae, pupation occurs not in the shoots but in damp moss and litter on the ground (Bretherton et al. 1983) . Pupation requirements seem to restrict Aren. phragmitidis to land reed.
Phenology. Beginning in 1999, we established rearing colonies at CABI Bioscience Centre (Delé mont, Switzerland) to study life history, phenology, and impact of the different noctuid species attacking P. australis. Rearing colonies were established (and refreshed) by collecting attacked shoots (see distribution and abundance section below for details) and larvae reared on stem sections until pupation. All colonies were checked every 24 h, and emergence of larvae or creation of pupal chambers was recorded. Pupae of the Archanara species were dissected out of the stems several days after the emergence window was built. Pupae were sexed using differences in the last abdominal segments and placed individually on a layer of vermiculite in a plastic cup (5.5Ð 6.5 cm in diameter, 8.0 cm in height) together with a wet cotton pad. We placed mature larvae of Aren. phragmitidis for pupation in plastic cups half Þlled with soil, as soon as they stopped feeding. We kept pupae of all species in a wooden shelter and checked cups for adult emergence every 24 h until emergence was complete. In 2001 and 2002, we measured pupal length (n ϭ 28Ð40 per species) for all four noctuids.
From 2001 to 2004, we kept three to 20 freshly emerged pairs of each of the four noctuids in wooden cages (40 by 40 by 65 cm in height) with mesh sides for rearing and to study their oviposition behavior. Cages were kept outside, but protected from rain by a roof. We added four to six P. australis stem sections (i.e., the lowest three to Þve internodes of a shoot) with intact leaf sheaths but with leaf blades removed to each cage. We placed stems into moist ßorist foam (Migros, Delé mont, Switzerland) to keep them upright. We provided adults with two paper towels, one soaked with water and one soaked in 10% diluted honey as food source, although we never observed adult feeding. , we also recorded egg cluster size (9 Ð14 females and 77Ð235 egg clusters per species) and recorded egg diameters (41Ð 86 per species) for a random selection of eggs. We kept boxes under ambient temperature and photoperiod in a wooden shelter over the winter. From mid-April on, we checked petri dishes daily until larval hatch was complete.
Each spring, we transferred newly hatched larvae with a paintbrush either onto potted plants in our common garden or more commonly into Ϸ35-cm-long stem sections, which included the top portion of a shoot, including the growing point and a few internodes. Up to six stem sections were placed into moist ßorist foam wrapped in plastic and stored in transparent plastic cylinders (10 cm in diameter, 37 cm in height). After 1 to 2 wk, infested shoots from potted plants were cut and also placed into cylinders, which were all kept in a wooden shelter at ambient temperatures. Cylinders were checked daily, and new shoot sections were offered as soon as larvae emerged. In 2001, empty shoot sections were dissected and remaining head capsule widths were measured to identify the number of larval instars.
Field Phenology of Arch. geminipuncta. We used a Þeld site near the centre, where almost the entire population consisted of Arch. geminipuncta (Ͻ1.5% of all individuals were Arch. neurica), for additional detailed life history and phenology investigations. At this small water reed stand (5,000 m 2 ; water depth 5Ð 20 cm), P. australis grows in a shallow depression along the Birs River in Delé mont, Switzerland (47Њ22Ј12Љ N, 07Њ21Ј33Љ E). The P. australis stand is bordered by deciduous riparian forest to the east and west and by a hay meadow to the north and south. We collected 40 infested shoots every week from 10 May, when shoots showed Þrst signs of larval damage, to 16 August when adult emergence was complete. We randomly walked
July 2006 HÄ FLIGER ET AL.: Archanara BIOLOGYthrough the stand and selected and cut infested shoots at the most basal internode. Upon returning to the laboratory, we measured stem diameter at the shoot base and stem length before dissecting each shoot. We stopped dissections when we had encountered 20 live larvae or pupae (for treatment of dead or parasitized instars; see Mortality Factors). We recorded height of larval entrance and exit holes and their diameters under a dissecting microscope by using a micrometer. We made detailed observations of feeding damage and response of P. australis to attack by different instars over the growing season. We recorded life stages (larvae [L 1 ÐL 5 , pupal chambers containing L 5 , pupae, and empty pupae representing emerged adults) and measured head capsule diameters of all larvae or head capsules we encountered upon dissection of stems. Mortality Factors. We used the detailed sampling at the Birs River stand to investigate mortality factors that may impact Arch. geminipuncta populations during the 2001 growing season. We recorded larvae or pupae as alive, parasitized, predated, and dead because of unknown mortality (dead larvae or pupae without obvious signs of bird predation or parasitoid attack). We reared all live larvae by transferring them into 30 Ð35-cm long stem sections as described previously. We carefully removed all pupae we encountered (either in Þeld collected stems or when they pupated in rearing cylinders) from their stems and placed them individually in plastic cups (5.5Ð 6.5 cm in diameter and 8.0 cm in height) together with a damp cotton pad on top of a layer of vermiculite. In 2005, we recorded pupal developmental time (from creation of pupal chamber to emergence of adult) for 10 Ð 67 individuals per species. We kept all cups in a wooden shed under ambient temperature and photoperiod and checked all cups daily for moth or parasitoid emergence. We sent samples of emerged adults to taxonomists to conÞrm species identiÞcation.
Distribution and Abundance. We assessed the distribution and abundance of the four noctuid stem borers at 15 Þeld sites in northern Germany, Switzerland, Austria, and Hungary in 1998 (Häßiger et al. 2005 . We selected Þeld sites spanning the geographic (east-west, north-south), climatic (maritime, continental), and environmental (ßooded or dry, low or high salinity) range that P. australis occupies in Europe. In addition, these sites represent different management practices (no management or cutting at various intervals). At each site we placed a transect through a P. australis stand and at 1-m intervals cut all green stems at ground level in a 20-by 20-cm (1998) or 40-by 40-cm quadrat (1999) starting at the edge of the stand. The number of quadrats varied from four to 27 (depending upon shoot density, but at least 100 shoots were collected) in 1998, and was Þxed at 10 quadrats in 1999. At each site, we collected samples in MayÐJune and again in AugustÐSeptember. We kept all shoots unfolded in plastic bags to retain moisture and upon return to Delé mont stored shoots in a cold room at 2ЊC to prevent further larval development until they were dissected to record herbivore attack.
Because of occasional long storage times, it was not possible to assign all shoots to attack by a particular species. This was especially true for the fall samples, whereas larvae encountered in spring samples could be reared easily to adult and identiÞed. However, because of slight differences among species in feeding pattern, height, and width of entrance and exit holes, and number and width of empty head capsules, we were still able to assign a number of attacked shoots to a particular species. When it was impossible to assign attack to a particular species, we only included these stems for certain analyses, i.e., when noctuid attack was pooled.
Comparative Phenology in a Common Garden. Larvae of the four noctuid species are difÞcult to distinguish in the Þeld, particularly as early instars. To compare feeding behavior of early instars (to Þrst shoot change), we transferred up to 150 freshly hatched larvae of each of the four moth species onto shoots of potted P. australis plants (15-liter pots, 10 Ð12 pots per species, each with 10 Ð20 shoots). After 24 h, and thereafter every other day until larvae left shoots, we cut Þve randomly determined shoots at ground level. We then measured (length, base diameter, and height of entrance holes) and dissected the stem to record feeding pattern (height of shoot severance and feeding area) head capsule size and the number of larval instars.
Data Analyses. We present emergence phenology of adults, egg-laying phenology, egg hatching phenology, and seasonal mortality graphically without further statistical analyses. We used individual one-way analyses of variance (ANOVAs) to assess differences among species for the numbers of eggs laid per female, egg cluster size, width of eggs and larval head capsule widths, and diameter and entrance height of Þrst instars of the four noctuid species. When ANOVAs were signiÞcant, we used a TukeyÕs test to assess differences among individual species. We tested for length differences of female and male pupae using independent samples t-test for each species. We used two-way ANOVA to assess whether species and sexes differed in their length of pupation. We assessed potential relationships between noctuid attack and area of the P. australis stand, stem density, latitude or longitude, and stem diameter by using linear regression. We calculated the mean stem diameter for each quadrat and explored this relationship at individual sites as well as for pooled samples collected at various times in 1998 and 1999. All analyses were conducted with the statistical software SPSS 10.0 (SPSS Inc., Chicago, IL).
Results
Phenology. Onset of adult emergence varied from year to year and among noctuid species during the 4 yr of our observations, but Arch. neurica and Aren. phragmitidis were always the Þrst two species to occur and with nearly identical emergence phenology (Fig. 1) . The two later-emerging species, Arch. geminipuncta and Arch. dissoluta, emerged Ϸ2 wk after the early emerging species (Fig. 1) . Adult emergence for each species was highly synchronized during a period of 2 to 3 wk, and there was only a short period where moths of all species may be encountered simultaneously (Fig. 1 ). Adults were short lived, on average 10 Ð14 d (Arch. neurica, 9.3 Ϯ 0.7 d; Aren. phragmitidis, 13.6 Ϯ 1 d; Arch. geminipuncta, 10.9 Ϯ 1.2 d; and Arch. dissoluta, 10.4 Ϯ 0.8 d; data are means Ϯ 1 SE of 10Ð29 individuals per species), and our observations suggest that they do not need to feed during their brief adult life.
Adults mated readily when pairs were placed together into a cage, and females started oviposition within 24 h after mating (Fig. 2) . Oviposition for the Archanara species was concentrated during the Þrst 3 to 4 d after mating, especially for Arch. geminipuncta where the majority of eggs were laid during the Þrst 2 d after mating (Fig. 2) . The most balanced oviposition pattern of all four noctuids was displayed by Arch. dissoluta with similar number of eggs per female for 1 wk, and oviposition of most species was complete after 10 d (Fig. 2) . The Archanara females typically laid eggs on already dry leaf sheaths in the lower parts of the stems, whereas Aren. phragmitidis females preferred green leaf sheaths higher on the stems. Eggs of the Archanara species are initially creamy white; Arch. neurica eggs soon turn grayish ochre; Arch. geminipuncta eggs stay creamy white during overwintering and turn darker Ϸ1 wk before hatching. Eggs of Aren. phragmitidis are initially yellowish and then turn brown. For both Arch. neurica and Arch. geminipuncta, which lay eggs in single rows, egg cluster size was signiÞcantly smaller than egg cluster size for Arch. dissoluta and Aren. phragmitidis (Fig. 3B) , which usually oviposit in two rows covered by a secretion. These differences in clutch size and egg coloration allow separation of species in the egg stage. The total average number of eggs laid per female ranged from as low as 100 for Arch. dissoluta to Ͼ160 for Aren. phragmitidis (maximum for Aren. phragmitidis, 262 eggs per female), and only differences in reproduction between these two species were statistically signiÞcant (Fig. 3A) .
Although adult ßight periods in midsummer were different among the four noctuid species (Fig. 1) , egg hatch after overwintering was highly synchronized (Fig. 4) and coincided with beginning of P. australis shoot growth in spring. Aren. phragmitidis was always the Þrst species to emerge with the Archanara species following within a few days, and egg hatch was always complete by early May (Fig. 4) . At the Birs River Þeld site, where we followed the phenology of Arch. geminipuncta in more detail, we saw a rapid succession from Þrst to fourth instar, each instar lasting Ϸ1 wk (Fig. 5) . Instar duration increases with successive molts with Ϸ2 wk needed to complete the fourth instar and Ϸ3 wk to complete the Þfth instar (Fig. 5) . Preand pupal period combined last Ϸ5 wk before adults begin to emerge, and there is little overlap except for successive developmental stages (Fig. 5) The pupae of the different Archanara species attacking P. australis show signiÞcant size differences between the sexes as well as among species (Fig. 6) . Pupae of Aren. phragmitidis are the smallest, and size of males and females is not signiÞcantly different (Fig. 6) . Pupae of Arch. geminipuncta had the toughest and largest pupal case of all four noctuids with female pupae signiÞcantly larger than males (Fig. 6) . Shoot base diameter of pupal chambers at Delé mont in 2001 was 8.2 Ϯ 0.3 mm for females and 7.1 Ϯ 0.4 mm for males (mean Ϯ 1 SE), and these differences are signiÞcant (t-test: t ϭ 2.284, df ϭ 30, P ϭ 0.030).
Distribution and Abundance. During our 2-yr survey, we found stems infested by noctuid stem borers at all sites except for Kleinhö chstetten, a site where reed stems are cut every 2 yr (Table 1) . With the exception of three sites around Lake Neuchâtel (Yverdon, Yvonand, Estavayer) where Arch. dissoluta dominated, Arch. geminipuncta was the most common noctuid occurring at 66.6% of all Þeld sites. It is therefore likely that much of the unassigned attack (Table 1) is representing attack by Arch. geminipuncta. The other species were less common with Arch. dissoluta occurring at 40.0%, Arch. neurica at 33.3%, and Aren. phragmitidis at 26.7% of sites (Table 1) . Sites in Switzerland and northern Germany showed in general higher noctuid attack rates (maximal 40 Ð50%) than sites in Austria and Hungary (maximal 7%). We observed no signiÞcant correlation between overall noctuid attack rate and longitude or latitude (longitude 1998: r 2 ϭ 0.078, P ϭ 0.434; and 1999: r 2 ϭ 0.180, P ϭ 0.131; latitude 1998: r 2 ϭ 0.076, P ϭ 0.440; and 1999: r 2 ϭ 0.078, P ϭ 0.334). Mean noctuid attack rate was also independent of the P. australis stand size (1998: r 2 ϭ 0.037, P ϭ 0.595; and 1999: r 2 ϭ 0.014, P ϭ 0.712). Attack rates (pooled across all sites sampled in 1998 and 1999) increased as mean stem diameter per quadrat increased (r 2 ϭ 0.055, P Ͻ 0.001). Results for individual Þeld sites varied among collection times and years with attack rates correlated with mean stem diameters in only four of 13 individual samplings (data not shown). Noctuid attack rates were not signiÞ-cantly correlated with stem density per quadrat (1998: r 2 ϭ 0.013, P ϭ 0.073; and 1999: r 2 ϭ 0.008, P ϭ 0.116). With an increase in the number of noctuid species encountered in our samples, overall attack rates increased (Fig. 7) , although our quantitative samples did not always capture the presence of all species at a site. At Krautsand, Schobü ll, and Siegendorf, anecdotal observations showed all four noctuids present, whereas quantitative samples (Table 1 ) missed such instances (Fig. 7) . Different letters indicate differences among species using a TukeyÕs test after one-way ANOVA for eggs laid per female (F 3, 88 ϭ 5.256; P ϭ 0.002) and egg cluster size (F 3, 637 ϭ 39.288; P ϭ 0.001).
Mortality Factors. Bird predation, parasitism, and mortality because of unknown causes were the main mortality factors of Arch. geminipuncta larvae and pupae in 2001 at Delé mont (Fig. 8) . Early instars suffered substantially less mortality than later instars and pupae. The ectoparasitic ichneumonid F. diluta attacked third and fourth instars mainly in late May laying one to three eggs on or next to the paralyzed host larva. Of the 25% larval mortality observed in May (Fig. 8) , 10% was because of this parasitoid, whereas the remaining 15% mortality is because of unknown causes. Mature larvae and pupae suffered high mortality (Ͼ50%), particularly through bird predation, with additional losses because attack by the tachinid ßy L. thompsoni (9% of all pupal chambers, one to four tachinid larvae developing on a single larva). The solitary pupal parasitoids C. paludator (attacking pupae) and L. unilineatus (attacking Þfth instars and emerging from pupae) killed 20% of pupae. We rarely encountered larvae parasitized by an unidentiÞed mermithid nematode.
Beginning in June, birds started to attack larvae in shoots and especially once pupal chambers were formed, with up to 45% of pupal chambers predated 
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HÄ FLIGER ET AL.: Archanara BIOLOGY (Fig. 8) . Only 13.8% of mature larvae that prepared a pupal chamber ever reached the adult stage. We occasionally encountered dead larvae and pupae without signs of parasitoids or bird attack and attributed this mortality to disease or desiccation and other unknown causes. This mortality was Ͻ5% for the Þrst three instars but increased to 25% for pupae in August (Fig. 8) . Although we did not investigate mortality factors in the same detail for the other three noctuid species, we also found F. diluta and L. unilineatus attacking larvae of Arch. dissoluta and Arch. neurica, and C. paludator attacking pupae of Arch. neurica. Comparative Phenology in a Common Garden. Our larval transfer tests of Þrst instars onto potted plants suggested that noctuid larvae showed no signiÞcant differences in their preference for certain stem diameters (F 3, 160 ϭ 1.585; P ϭ 0.195). In subsequent rearings, we found a trend for Arch. dissoluta larvae to chose thicker shoots and higher establishment rates of Aren. phragmitidis in thinner shoots (P.H., unpublished data). Larvae entered the stem at signiÞcantly different heights above ground (F 3, 227 ϭ 33.483; P Ͻ 0.001) with Arch. geminipuncta at the lowest height (12.5 Ϯ 0.8 cm, mean Ϯ 1 SE), followed by Arch. neurica (19.8 Ϯ 1.4 cm) and Aren. phragmitidis (19.7 Ϯ 1.1 cm), and Þnally Arch. dissoluta (36.2 Ϯ 2.1 cm). All larvae immediately proceeded to sever the P. australis stem tissue above the nearest lower node, before initiating feeding. This cut stops shoot growth within 24 h and shoot tips begin to wilt. Arch. dissoluta was the only species to initiate feeding in the internode above the cut node. Larvae of all other species proceeded to Þrst consume the slowly decaying folded leaves above the growing point. Dead shoot tips remain attached to the shoot (supported by intact leaf sheaths) for several weeks before they drop to the ground. Shoot tip death is sometimes delayed for species where larvae may enter above the growing point (33% of Arch. dissoluta . Differences between female and male pupae were tested with an independent samples t-test for each species (see legend in Fig. 1 for species codes) (Ag: t ϭ 5.700, df ϭ 79, P Ͻ 0.001; Ad: t ϭ 4.640, df ϭ 43, P Ͻ 0.001; An: t ϭ 3.275, df ϭ 37, P ϭ 0.002; and Ap: t ϭ 1.065, df ϭ 40, P ϭ 0.293). 
Data are means Ϯ 2 SE of attack rates (percentage of attacked stems per sampling quadrat) of Þve to 46 quadrats at each Þeld site in 1998 and usually 20 quadrats in 1999. *, present, but not recorded in samples; Ñ, not sampled; and L/W, land/water reed. larvae, 63% of Aren. phragmitidis larvae). We found signiÞcant differences (F 3, 135 ϭ 19.866; P Ͻ 0.001) in the number of Þrst instars feeding within a single shoot between the two solitary species Arch. dissoluta and Arch. neurica and the two facultative gregarious species Arch. geminipuncta (3.2 Ϯ 0.4 larvae per shoot, mean Ϯ 1 SE) and Aren. phragmitidis (4.1 Ϯ 0.5 larvae per shoot). The maximum number of larvae observed per shoot was 11 for Arch. geminipuncta and 13 for Aren. phragmitidis, respectively. In instances where more than a single larva entered a stem, contest competition of the cannibalistic L 1 of Arch. dissoluta and Arch. neurica eliminated all but one survivor, and we encountered numerous dead larvae. After shoot changes become necessary, larvae of all species enter stems 10 Ð30 cm below the growing point and feed upward. Larvae are now intolerant of each other, allowing only a single larva to feed per shoot. Our measurements of different developmental stages show that egg diameters of all four species are signiÞcantly different (Fig. 9) , allowing species identiÞcation. As larvae progress through four or Þve instars to pupation, Arch. geminipuncta larvae always show the largest head capsule diameters, but it is impossible to distinguish the other species just by head capsule diameters (Fig. 9) . Only Arch. geminipuncta and Arch. dissoluta develop a Þfth instar (Fig. 9) .
Comparative Life History and Phenology. Our Þeld collections and rearings of individual species now allow a comparison of life history and phenology of four stem mining noctuids attacking P. australis in Europe. We have summarized this information in a schematic diagram for each species that we investigated (Fig. 10) and provide a verbal account for each species in the following paragraphs.
Eggs of Aren. phragmitidis are the Þrst to hatch after overwintering and early instars often feed gregariously, mostly above the growing point, in their Þrst shoot until they reach the second instar (1 to 2 wk). Larvae pass through four instars and need to feed on three to four shoots to complete development (Fig. 10) . Larvae of Aren. phragmitidis are easily distinguishable from the Archanara larvae by black bands on each segment. In contrast to the Archanara species, pupation occurs in soil or litter, and in our rearing larvae build a thin silken cocoon mixed with soil particles.
Larvae of Arch. neurica emerge nearly simultaneously with Aren. phragmitidis larvae, but they feed individually from Þrst to third instar (2 to 3 wk) in their Þrst P. australis shoot. Larvae pass through four instars and change shoots once or twice during their development with each additional shoot providing food for 1 to 2 wk (Fig. 10) . The grayish color of the 
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ANNALS OF THE ENTOMOLOGICAL SOCIETY OF AMERICA Vol. 99, no. 4 larvae distinguishes Arch. neurica from the other Archanara species. In addition, the tracheal trunk linking the spiracles on both sides of the body is visibly darker. Mature larvae prepare a pupal chamber with an exit window by removing stem tissue but leaving the epidermis intact. Creation of Archanara pupal chambers alone does not interfere with stem growth and larvae do not feed in this period, which usually lasts 2Ð5 d. Pupation of Arch. neurica occurs head downward in lower portions of either attacked or unattacked stems (Fig. 10) . The emerging adult pushes its way onto the stem through the emergence window. We never observed that larvae select weak or dead stems for pupation (Bretherton et al. 1983) ; instead, we always found pupae in undamaged internodes. Larvae of Arch. dissoluta emerge Ϸ2 wk after Arch. neurica and Aren. phragmitidis larvae. Larvae feed individually for 4 to 5 wk in their Þrst shoot until they reach the fourth instar (Fig. 10) . Larvae pass through Þve instars and change shoots once or twice before completing development. Pupation occurs mostly head downward in a P. australis internode at ground level (Fig. 10 ), a distinct difference from the other two Archanara species. Mature larvae may pupate in green shoots, but they also may select shoots from previous growing seasons.
Larvae of Arch. geminipuncta emerge nearly simultaneously with Arch. dissoluta larvae and the facultative gregarious larvae develop for 2 to 3 wk in their Þrst P. australis shoot until they reach the third instar. Larvae pass through Þve instars and change shoots two or three times until they complete their development (Fig. 10) . Older Arch. geminipuncta instars can be distinguished from the other Archanara species by obvious black spots at the hair bases. First instars can ßoat on the water surface and are able to climb onto shoots. Infested stems can be assigned into three main categories (early: attack by Þrst to third instar; mid: attack by third to fourth instar; and late: attack by fourth to Þfth instar). After molting to the Þfth instar, mature larvae (3.5Ð 4.5 cm in length) usually move into lower internodes of a fourth (or the same) shoot to prepare a pupal chamber but occasionally Þfth instars use an additional shoot to complete development (Fig.  10) . As the only noctuid on common reed, pupation of Arch. geminipuncta occurs head upward.
Discussion
Our investigations of four sympatric noctuid species attacking P. australis stems in Europe revealed subtle differences in their life history and phenology. In particular, adult emergence (Fig. 1) , egg hatch after overwintering (Fig. 4) , larval feeding habits (facultatively gregarious or solitary in early instars), and the timing and number of shoot changes (Fig. 10) distinguish the species. The most substantial difference in life history and ecology is probably the restriction of Aren. phragmitidis to dry sites because of pupation requirements. However, these noticeable differences do not result in differences in the impact of individual larvae on P. australis growth because larval feeding of all species severs stem tissue and results in premature tip death and lack of reproduction in attacked stems. Despite the substantial overlap in phenology and biology, we found large differences in Þeld attack rates and presence/absence of individual species at the 15 Þeld sites we investigated (Table 1) . Although we can conÞrm that Arch. geminipuncta is the most widespread and abundant Archanara species attacking P. australis, the two least common species Arch. neurica and Aren. phragmitidis still occurred at 25Ð30% of the Þeld sites, albeit at much lower abundance than the more widespread Arch. geminipuncta.
At present, we are unable to explain differences in abundance between the widespread and the less common species, although our data indicate that the later hatching and emerging species Arch. geminipuncta and Arch. dissoluta reach the highest attack rates and are most widely distributed. In addition, these two species have an additional Þfth instar during larval development (Fig. 10) . We would expect that later hatching larvae of Arch. geminipuncta and Arch. dissoluta would be at a competitive disadvantage at high noctuid attack rates because Aren. phragmitidis and Arch. neurica larvae would have grown already to the second or third instar, although we have no quantitative data to support this speculation. We found no obvious geographic or climatic factors that were associated with presence/absence or abundance of individual species. Based on our laboratory rearings, we would expect that the species should show similar attack rates in the Þeld. We encountered nearly the same natural enemies from all species, although we have no information on pupal mortality of Aren. phragmitidis. Pupation in the soil, although requiring dry sites, is expected to effectively reduce bird predation but exposes larvae and pupae to ground-dwelling vertebrate and invertebrate predators. High predation and parasitoid attack have been reported although their role in top-down control for Arch. geminipuncta populations remains unclear Radisson 1976, Tscharntke 1990 ). The high bird attack rates we observed for Arch. geminipuncta at Delé mont seem to be restricted to small reed stands bordering forests, and at other sites bird predation may not reach the same inßuence on moth populations. Extremely large populations of Arch. geminipuncta may develop and exhaust available food resources resulting in a subsequent population collapseÑan indication for bottom-up control of moth populations (Tscharntke 1990 (Tscharntke , 1992 (Tscharntke , 1999 . Similar reports are missing for the other noctuid species and more detailed experiments in the Þeld are needed to assess how similar phenologies and demography among the four investigated species can result in dramatically different abundance and plantÐ herbivore interactions in the Þeld. We assume that Arch. dissoluta and Arch. neurica are less capable of building large populations because of strong intraspeciÞc competition among Þrst instars. High inter-and intraspeciÞc competition in early instars also may prevent overexploitation of food resources and subsequent population crashes. Reed management, for example, by mowing or Þre also will have a strong inßuence on moth populations because of the potential for complete removal of overwintering eggs.
From our Þeld data, it seems that for most sites resource competition for P. australis stems may not play an important role in structuring the moth community. None of our sites showed stem attack rates of Ͼ50% (averaged over the year, although at individual sampling times we encountered attack rates up to 67% of stems); thus, it seems that sufÞcient stems are available to allow coexistence of moth species. Indeed, attack rates increased as the number of moth species encountered in our samples increased (Fig. 7) . In the context of biological control, which motivated our comparison among the four noctuid species, an increase in attack rates with increasing number of herbivores provides evidence that competitive interactions, even if they occur, would not result in reductions in weed suppression or overall impact.
We are currently conducting host speciÞcity testing for the different noctuid species, and it is too early to assess speciÞcity of the species investigated in this study. Ultimately, only species considered sufÞciently host speciÞc would be proposed for introduction. However, we are faced with the increasing demand to make not only prerelease predictions about speciÞcity and safety but also about effectiveness of individual control agents Coombs 1999, 2000; Maron and Vilà 2001; Denoth et al. 2002; Blossey 2003a; Louda et al. 2003; Sheppard et al. 2003; Colautti et al. 2004; Pearson and Callaway 2003; Raghu and Dhileepan 2005 ). An improved selection of agents successful in their ability to regulate their host plant population would not only reduce Þnancial losses invested in ultimately unsuccessful agents but also decrease the potential risk for nontarget effects (McEvoy and Coombs 2000) . However, selection of the best agent (or agent combination) is far from trivial and depends on both host speciÞcity and anticipated impact of each herbivore species on the population growth rate of its host plant. Historically, biocontrol scientists have used different criteria to select promising species (Harris 1973 (Harris , 1981 Goeden 1983; Wapshere 1985; Mü ller 1990; Lonsdale 1993; Blossey 1995; Rees and Paynter 1997; Shea and Kelly 1998) , and predictions about the ability of a species to suppress its host plant have not improved signiÞcantly over the past decades (Blossey 1995, McEvoy and Coombs 1999) . The only substantiated evidence to improve the odds for successful control is that with the introduction of multiple agents, the success rate in weed biocontrol programs increases (Denoth et al. 2002) . Denoth et al. (2002) suggest that this pattern obtained from the historical weed biocontrol record (Julien and GrifÞths 1998) is simply a function of increases in the probability to select the single most important biocontrol agent.
This claim is unfortunate and unsubstantiated because it is largely based on anecdotal rather than experimental evidence and biased in favor of easily observable herbivores, such as aboveground defoliators, while overlooking contributions of root feeders (Blossey and Hunt-Joshi 2003) . Nevertheless, the arguments of Denoth et al. (2002) have increased the pressure in weed biocontrol programs to Þnd the "silver bullet" among the often multiple potential biocontrol agents (McEvoy and Coombs 1999 , Pearson and Callaway 2003 , Sheppard et al. 2003 , Raghu and Dhileepan 2005 , Sheppard and Raghu 2005 . Picking a single "winner" based on biology and ecology of the noctuid species we evaluated in Europe seems straightforward. High abundance and a large area of distribution in the native range were two factors clearly associated with success in a retrospective analyses of weed biocontrol programs (Crawley 1989) , suggesting that Arch. geminipuncta would be the most promising species. Although noctuid stem borers are not the only species we evaluate as potential biocontrol agents (Tewksbury et al. 2002 , Häßiger et al. 2005 , all information on impact on plant performance suggests that Arch. geminipuncta outperforms all other species currently under consideration. Assuming that all noctuid species are similarly host speciÞc and release permits would be granted, the parsimonious approach would be the introduction of Arch. geminipuncta followed by about a decade of postrelease monitoring. We are concerned about this approach because our Þeld data from the native range suggest that, contrary to expectations of competitive interactions (Denoth et al. 2002) , presence of multiple species increases attack rates in the Þeld (Fig. 7) . Allowing a decade or more to elapse before an assessment of success would become available for Arch. geminipuncta may allow the invasive P. australis genotype to continue to spread through North America, further degrading additional habitats. The risk of negative ecosystem consequences because of introduction of multiple host-speciÞc control organisms may be smaller than the risk of allowing non-native P. australis to continue to spread (Blossey 2003a) . At present, a true risk-beneÞt analysis is heavily weighted against biological control because of the extensive knowledge of potential risks (i.e., host speciÞcity results), whereas knowledge of the ecological risks of invasive plants to native ecosystems is still in its infancy. A more informed decision-making processes in the future should weigh quantitative evidence for ecosystem consequences of an invasive plant with evidence provided during host speciÞcity screening for the potential of direct and indirect nontarget effects.
